The vertebrate pharyngeal arches (PAs) are established by a combination of two styles 19 of segmentation; the most anterior 2 PAs are simultaneously but the others are 20 sequentially formed. However, the mechanism underlying their coexistence is unclear. 21
respectively, but were finally integrated at the second PP (PP2), by dynamic 23 morphogenesis of pharyngeal endoderm in the zebrafish. The coordination of these 2 24 distinct processes appears to be common in the PA development of many vertebrates, in 25 which specific developmental defects posterior to the PP2 are caused by mutations of 26 particular genes or perturbation of retinoic acid signaling. Surprisingly, comparative 27 analysis of PA segmentation showed that the combinatorial styles of PA development is 28 present in shark but not in lamprey, suggesting that PA segmentation was modified in 29 the stem gnathostomes corresponding to the drastic pharyngeal innovations, such as 30 PA2-derived opercular.
INTRODUCTION 32
The elaborated morphologies of organisms are often traced back to the simple 33 metameric motifs, which are transiently established during development. Through the 34 segmentation of these metameric motifs, the equivalent units, consisting of a certain 35 group of cells, are formed and arranged along the body axis [1] . Each of these units 36 becomes subsequently specialized to develop particular characteristics, based on their 37 positional values, which are defined by collinear expression of Hox genes [2] . During 38 vertebrate development, conspicuous segmental structures called pharyngeal arches 39 (PAs) are bilaterally arranged in the ventral region of the head [3, 4] . PAs give rise to 40 the segmental organization of skeletons, muscles, nerves, and vessels in the pharynx; 41 and, therefore, segmentation and subsequent specification of the PA are crucial for the 42 development of the vertebrate head [5] . 43
In addition to all 3 germ layers, PA development involves cranial neural crest 44 cells (CNCCs) [3] [4] [5] . Importantly, CNCCs have been considered to be dominant in the 45 differentiation of PA-specific characteristics [6, 7] . The tripartite streams of CNCCs, 46 referred to as the trigeminal, hyoid, and branchial streams, specify the regions of the 47
In contrast, ablation of cells in the C2 region ( Figure 4J and 4J') caused 188 abnormalities in the proximo-caudal PP2 adjacent to BA1 (or PA3; n = 3/3, Figure 4K  189 and 4L), resulting in specific loss of the first CB cartilage (CB1; n = 8/8, Figure 4M) . 190
On the other hand, ablation of the intermediate cells between R2 and C2 ( Figure 4N and 191 4N') did not cause any loss of the pharyngeal skeleton; although the position of CB1 on 192 the ablation side shifted posteriorly and laterally (n = 4/6, Figure 4Q ). Interestingly, this 193 ablation caused a split of endoderm between HA and BA1 (n = 10/12, Fig 
Unveiled. 208
Previous studies suggested that the development of the anterior and posterior PAs appears to be distinct in the molecular mechanism [17] [18] [19] [20] [21] [22] . These studies suggested 210 that the mechanistic boundary between them exists in the formation of the PP2. Thus, to 211 resolve the complex system of the PA development, understanding of the molecular 212 mechanism of the PP2 development should be considered crucial. Since our findings 213 enabled us to dissect the developmental process of the PP2, we next addressed the issue 214 as to how the distinct molecular machineries could coordinately achieve PP2 and the 215 series of the vertebrate PAs. corresponded to the R2-C2 border we had identified. 229
Our previous study also showed that pax1 is specifically required for the 230 development of posterior PPs in medaka [21] . Since zebrafish has 2 pax1 homologs, pax1a and pax1b, we generated double knockout mutants of these genes (pax1 DKO) 232 by performing CRISPR/Cas9-mediated mutagenesis ( Figure S4 ). As expected, the pax1 233 DKO embryos clearly showed abnormalities in the development of their pharyngeal 234 pouches posterior to the C2, but not in the R2 (Figure 5O-5R) . Consistently, the gill 235 skeletons, but not opercular skeletons, were lost in the pax1 DKO larvae ( Figure S4) . 236
Although the anterior part of HM (aHM), in which PP1 is required for its development 237
[29], was lost in the pax1 DKO larvae ( Figure S4 ), the PP1 was normally formed in the 238 mutant embryos (Figure 5O-5R), suggesting another role of pax1 genes for the aHM 239 development in PP1 at a stage later than the PP1 formation. 240
In addition to RA and pax1, the membrane protein Alcam, which accumulates 241 in the PP epithelium to stabilize the bilayered PP morphology [31], its accumulation 242 was low in the PP1 and R2, but high in the C2 and more posterior PPs ( Figure 6) , 243
suggesting that the R2-C2 border may also have separated the morphogenetic process 244 of the endodermal epithelial cells. Taken together, we concluded that 2 distinct 245 developmental processes proceeded in the pharyngeal endoderm either anterior or 246 posterior to the R2-C2 border and that these processes were subsequently integrated to 247 form the zebrafish PP2 ( Figure 7Q ). In other words, we clearly revealed that HA and 248 BA1 were compartmentalized by distinct mechanisms and subsequently integrated by 249 the dynamic endoderm of PP2. Since the emergence of R2, the caudal limit of HA, and 250 C2, the anterior limit of BA1, are spatially separated in the zebrafish, we succeeded in 251 dissecting each process, and in finding the obvious mechanistic interface of the PA 252 development and the coordination process. 253
PA Development Evolved in the Jawed-Vertebrate Lineage 255
When pharyngeal segmentation in vertebrates is compared with that in 256 amphioxus and hemichordates, a temporal difference is found in the second segment of 257 the endoderm: PP2 is formed simultaneously with PP1 in vertebrates, whereas the 258 second gill slit is formed after the formation of the first gill slit in amphioxus and 259 hemichordates [24, 27] . In order to gain insight into the evolutionary process of the 260 pharyngeal segmentation in vertebrates, we investigated PP development in the lamprey, 261 which lacks jaws and operculum. In contrast to those of osteichthyans, the anterior PPs 262 during lamprey development were sequentially formed in an anterior to posterior 263 sequence, as were the posterior PPs and the gill slits ( Figure Considering that the HA segmentation by the rostral PP2 is resistant to RA deficiency in 267 zebrafish and amniotes, lampreys appear to lack a developmental mechanism to 268 establish HA without RA, resulting in the loss of HA in the treated embryos ( Figure 7F were sequentially formed in an anterior to posterior order ( Figure 7N -7P). Although it 284 remains elusive as to whether shark PP2 development is carried out by the same 285 mechanism as in osteichthyans or not, the simultaneous emergence of PP1 and PP2 was 286 clearly identical to that seen in the osteichthyans ( Figure 7Q -7R).
DISCUSSION 288

Dissection of Dynamic Endoderm in Zebrafish PP2 Development Revealed 289
Separate Development of Anterior and Posterior PAs and Their Integration 290
Generally, segmentation in animal development is carried out in a 291 simultaneous manner, as seen in the Drosophila germ-band formation [42] , or in a 292 sequential manner, as represented by vertebrate somitogenesis[43], Interestingly, PA 293 segmentation has been considered to be peculiarly achieved by the combined use of 294 these distinct styles, although the developmental basis of their integration process has 295 been entirely unknown. Zebrafish PA development, where dynamic epithelial 296 remodeling of the PP-forming endoderm has been shown to take place, is a good model 297 to resolve the elusive issue of development of the vertebrate head [31] [32] [33] [34] . In this 298 present study, by using precise live imaging in zebrafish, we found the 2 endoderm 299 bulges of R2 and C2 in the future PP2 endoderm and uncovered their dynamic 300 integration process forming PP2. Our cell-tracing experiments in the endoderm clearly 301 revealed the direct contributions of R2 and C2 to the rostral and the caudal aspects of 302 PP2, respectively. Their rostrocaudal identities in the PP were separately determined at 303 an early timing in the PP segmentation, as evidenced by the gene expression and 304 cell-ablation experiments. Importantly, the intermediate endodermal cells between R2 305 and C2 did not contribute to the formation of the PA-derived skeletons, although they 306 were required for a tight arrangement of the anterior and posterior PAs. These results 307 suggest that the anterior and posterior PAs were independently formed by distinct 308 endodermal development ( Figure 7Q ). Subsequently, these distinct domains became 309 integrated to form the systematic PA-derived organs by the dynamic epithelial 310 transformation causing maturation of PP2 in the HA-BA border ( Figure 7R ). 311
Based on our results, we can adequately propose a novel view for vertebrate 312 PA development; that is, HA and BAs are independently established by distinct 313 developmental mechanisms for R2 and C2 endoderm, respectively. Given our viewpoint, 314 the posterior PA-specific defects and the PP2 insufficiency, which are commonly 315 reported as being phenotypes of RA-deficient vertebrates [17] [18] [19] [20] , are explained more 316
reasonably as defects brought about posterior to C2. Similarly, the pax1 mutants of 317 teleost fish [21] and the Ripply3 mutant mouse [22] show the anterior limits of the PP 318 defects in the C2 endoderm. We previously proposed that developmental system drift 319
should have occurred in the posterior PA segmentation among fish and mouse [21] . 320
Notably, the anterior limit of the pharyngeal endoderm, where that drift has occurred, is 321 also the C2 endoderm, strongly suggesting the conserved developmental interface 322 between HA and BAs or the developmental independency of R2 from the posterior PAs 323 in gnathostomes. Although tbx1 is required not only for posterior PA development but 324 also for HA development [44], our idea is not controversial because the expression of 325 tbx1 is independent from pax1 function in HA endoderm; whereas that in BA endoderm 326 is a pax1-dependent one [21]. This difference suggests that there are distinct gene 327 regulatory networks between anterior and posterior PAs, rather highlighting the 328 developmental independency of HA from BAs. 329
In addition to the separate establishment of HA and BA1, our study also 330 revealed their integration process. Interestingly, the endodermal cells between R2 and C2 contributed to a part of PP2; however, they were not necessary to develop the HA-332 and BA1-derived skeletal elements, suggesting that they functioned developmentally 333 like a glue to bind 2 PAs. This integration process or the endodermal cells identical to 334 the intermediate endoderm have not been found in other species. Thus, we also 335 speculate that the PA development largely depends on the endodermal epithelial 336 morphogenesis, which is divergent among vertebrates. Further investigation by What is the significance of the R2 acquisition for the morphological evolution 360 of the vertebrate head? We suppose that the R2 acquisition probably contributed to the 361 evolution of the opercular system, which is conserved in osteichthyans [39] . A recent 362 study on a fossilized placoderm, Entelognathus, which has the opercular and 363 branchiostegal rays, suggests that the osteichthyan-like pharyngeal system exists in the 364 stem gnathostomes [45] . Furthermore, it has been also suggested that the 365 chondrichthyan affinity of acanthodians, which possess a hyoidean gill cover with 366 branchiostegal rays, implies unique evolution of the chondrichthyan pharyngeal system 367 composed of septal gills [41, 46, 47] . Although the skeletal elements of the operculum 368 have been lost during tetrapod evolution, the embryonic opercular flap, which is derived 369 from the Shh-expressing HA, encloses the posterior pharyngeal region during amniote 370 development [4, 39] . We identified the R2 endoderm, which directly contributed to the 371 operculum, including the Shh-expressing cells in the zebrafish HA. Thus, we propose 372 that the HA development distinct from that of the BAs should have been acquired in the 373 stem gnathostomes, being the crucial basis for the novel pharyngeal system of the 374 hyoidean operculum leading to the extent osteichthyans ( Figure 8 ).
It is still unclear how the development of PP1 and the rostral layer of PP2 are 376 regulated. The independency of the PP1 development from other PPs has been indicated 377 by the results of previous studies on zebrafish [16, 29, 48] and mouse development [44, 378 49] . We showed that the lamprey PP1 was formed independent of RA signaling. 379
Additionally, in amphioxus, the formation of the first gill slit is less affected by pax1/9 380 knockdown than that of the other gill slits, which exhibit severe defects [50]. These 381 findings imply the evolutionally conserved independency of the first endodermal bulges 382 from the others. Therefore, the development of the vertebrate PPs, especially in 383 gnathostomes, can be possibly considered as involving tripartite sections, i.e. PP1, the 384 rostral layer of PP2, and more posterior region ( Figure 7R ). Significantly, these 385 endodermal sections correspond to the interfaces of 3 streams of the cranial NCCs 386 composing the MA, HA, and BAs. Therefore, we propose the possibility that the 387 modifications of the endodermal segmentation reinforced the topological restrictions of 388 the NCC streams in the PAs. Further studies on the development of PPs may answer 389 one of the biggest issues regarding development of the vertebrate head, that is, the logic 390 for the coordination between pre-patterned NCCs and endodermal segmentation. 391
METHODS 392
Zebrafish, shark, and lamprey embryos 393
Zebrafish with the TL2 background were used as the wild type, as described previously 394
[51]. Collected embryos were incubated at 28℃. Embryos that would be fixed later than 395 25 hpf were treated with 0. Positions of the embryos were manually turned by a tungsten needle with an eyelash on 432 its tip. Z-stack images were taken at 10-minute intervals, and the stack images were 433 processed with an LAS X (Leica) to make 3D images, optical sections, and movies. For 434 imaging with a Zeiss Lightsheet Z.1, the anesthetized embryos were mounted as previously described [61] . Images taken at 10-minute intervals were processed with 436 ZEN Black (Zeiss) and subsequently with Imaris (Bitplane) to make movies. 437 438
Photoconversion and cell ablation 439
Embryos of Tg(sox17:Kaede) for photoconversion or Tg(sox17:EGFP) for cell ablation 440 were mounted as described above. Photoconversion was performed with a Leica SP8 441 using a 405-nm diode laser. Regions of interest (ROI) in the Kaede-expressing 442 endoderm at 20 hpf were converted by using the ROI tool in LAS X (Leica). Converted 443 embryos were released from the gel and incubated at 28℃, and were observed again at 444 48 hpf. Cell ablations with an IR-LEGO system were performed as previously described 445 Nikon A1 before ablation and moved to the IR-LEGO. After infrared irradiation on the 452 IR-LEGO, embryos were immediately moved to the Nikon A1 and scanned again to 453 evaluate off-target damage to cells of adjacent PAs. This procedure was repeated, and 454 the operated embryos were fixed in 4% PFA/PBST and stored in methanol at -20℃ for 455 in situ hybridization with a dlx2a probe and for immunohistochemistry with anti-GFP 456 antibody to assess CNCCs in the PA. 457
Staining 459
Whole-mount in situ hybridization of zebrafish was performed as described previously 460 
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